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Development of an Experimental Setup to Measure the Effectiveness of 
Mechanical Filters For Nanoparticles  
Pooya Abdolghader 
Nanoparticles (NPs) are particles of less than or equal to 100 nm in diameter. Due to their size, 
they have a significant effect on health and safety of people. Capture of these NPs in general 
ventilation systems by filters remains one of the most widely used means of protection due to its 
relative simplicity of implementation and its effectiveness for capturing various size of particles. 
In North America, filters used in general ventilation systems are tested by the ANSI/ASHRAE 
Standard 52.2 and are graded according to their efficiency, which is a function of particle diameter. 
However, the current standard limits the filtration efficiency assessment for particles between 0.3 
and 10.0 microns. There is therefore a significant lack of knowledge about the behavior of these 
filters with respect to the particle diameter below 0.3 μm. The main objective of this study was to 
develop a measurement procedure to evaluate the effectiveness of mechanical filters used in 
general ventilation systems against (NPs). In this regard a small setup was designed, build and 
qualified. Then measurement procedure was validated by comparing the penetration measurements 
with those obtained on qualified big loop setup, which was inspired by ASHRAE setup for nano-
metric particles. One type of mechanical filter rated (MERV 8) in three depth sizes (1, 2 and 4in) 
is used to illustrate the full penetration range that can be measured on both setups. The obtained 
results are consistent with the classical filtration theory for mechanical media and with previous 
experimental measurements on media and filters. The data presented in this study show that the 
particle range of 22.1-294.3 nm gives a fairy good correlation (R2=0.898) between the two setups 
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and for the penetration range of 0.7-1.0 at two face velocities of: 1 and 0.75 m/s. The outcome 
results from this study is a firm validation to evaluate the effectiveness of mechanical filters used 
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Chapter 1: INTRODUCTION 
1.1. Background 
Nanoparticles are ultra-fine particles (UFPs) with diameters smaller than or equal to 100 nm. These 
particles have many major health and safety challenges because of their size. Exposure to these 
nanoscale materials has harmful effects on human health (Borm & Kreyling, 2004; Kreyling et al., 
2004; Mills et al., 2009; Oberdörster, 2010). There are several nanoparticle sources (combustion, 
mobile emissions, atmospheric conversion, industrial processes or production of nanoparticles) 
and they can be found in outdoor and indoor pollution. Filtration is the primary and most effective 
solution to protect exposed people. Furthermore, the penetration of nanoparticles was not clearly 
understood because of the difficulties of set - up system and measurement of penetration. 
Accordingly, with the rapid expansion in the manufacturing area of nano-products, a method must 
be developed for measuring the effectiveness of mechanical filters used in general ventilation 
systems. To our information, there is no current standard for quantifying or classifying these filters' 
performance against NPs. 
1.2. Research Objective 
The main objective of this study was to develop a measurement procedure to evaluate the 
effectiveness of mechanical filters used in general ventilation systems against (NPs). In this regard, 
a small setup was designed, build and qualified. Then measurement procedure was validated by 
comparing the penetration measurements with those obtained on qualified big loop setup, which 
was inspired by ASHRAE setup for nano-metric particles. One type of mechanical filter rated 
(MERV 8) in three depth sizes (1, 2 and 4in) was used to illustrate the full penetration range that 
can be measured on both setups. The achievement of this objective will be done in 3 steps: 
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1- Design and implementation of a small setup and a big loop setup. 
2- Calibration of the setups according to ASHRAE 52.2 standard. 
3- Validate the results by measuring the initial penetration of one type of mechanical filter 
rated (MERV 8) in three depth sizes (1, 2 and 4in) used in ventilation systems by comparing 
penetration measurements to the standard and to measurements in the both setups. 
1.3. Thesis Outline 
Chapter 2 explains the fundamentals of nanoparticle filtration and provides critical reviews on the 
filtration performance of media against NPs. The testing protocol for mechanical filters is also 
presented. Chapter 3 describes and compares two different experimental setups for challenging 
one type of mechanical filter rated (MERV 8) in three depth sizes (1, 2 and 4in) used in ventilation 
systems with NPs. Thereafter, the results of calibration and pre-qualification tests will be 
presented. Chapter 4 illustrates and discusses the experimental results. Finally, chapter 5 outlines 













Chapter 2: LITERATURE REVIEW 
2.1. Introduction 
Filtration is a process that removes particles from a liquid or gas. The use of filter layers is one of 
the most efficient processes, and nonwoven fibrous media (glass fibers or synthetic fibers, for 
example) are the most frequently used to capture particles and reduce indoor exposure. Filtration 
by means of personal protective equipment or general ventilation is widely used for worker 
protection and environmental protection. However, filters are not chosen solely on the basis of 
their ability to collect particles: sources of pollution, operating conditions, energy cost, 
maintenance requirements and service life must also be taken into account. 
To characterize the performance of a fibrous medium, two parameters are used: filtration 
efficiency (𝜂) and pressure drop (∆𝑝). These two parameters are related to the geometric 
characteristics of the medium, the particle’s characteristics and the operating conditions (e.g. 
filtration velocity, temperature, humidity); hence the first and foremost task is to study the 
interactions between these three aspects. Media are defined as porous structures composed of a 
tangle of fibers (e.g. glass, cotton or polyester) with a preferred orientation across the direction of 
gas flow. They are capable of efficiently removing sub-micrometer particles from gas streams with 
low pressure drop due to their low packing density, i.e., the ratio of the total volume of all fibers 
in the medium to the volume of the medium (𝛼𝑓 is in the range of 1-30%). Fibers can be produced 
from a wide range of materials, such as polymers, glass, plastics or metals, and they are used in 
many applications including respirators, industrial gas cleaning, vacuum cleaners, cleanrooms, air 




2.2. Filtration capture mechanisms 
As an aerosol stream approaches a fiber, particles may deposit on the fiber due to several 
mechanisms such as gravitational settling, inertial impaction, interception, diffusion and 
electrostatic forces. 
The first four are known as mechanical mechanisms. The gravitational settling is less important 
for most particle sizes due to the fact that the filtering contribution of the gravitational force 
appears to be minimal. Gravity sedimentation can be completely neglected if size of the particles 
are smaller than 0.5𝜇𝑚 (Zhu et al., 2017). Inertial impaction occurs when a particle, by its inertia, 
departs from the initial gas streamline and hits a fiber. Interception turns up because a particle has 
a finite size and starts to deposit when it comes within one particle radius of the fiber surface. For 
particles smaller than 0.1µm, diffusion can be forceful enough to move them from the original 
streamlines to the fiber due to the random motion of the particles (Mostofi et al., 2010). 
Electrostatic forces appear when particles or fibers carry electric charges or when an external 
electric field is applied to the medium. There are several different types of electrostatic forces (C. 
Wang, 2001). The most important one is Coulumb force, which is an interaction between a charged 
particle and a unipolar or bipolar charged fiber such as those in an electret fibrous medium. Other 
electrostatic forces include image and polarization forces, which are defined as interactions 
between a charged particle and a neutral fiber, or a charged fiber and a neutral particle, 
respectively. 
Figure 1 illustrates the particles size spectrum for each capture mechanism. Generally, diffusion 
plays a crucial role for particles smaller than 0.1µm, interception is dominant capture mechanism 
for particles in the range of 0.1-1µm, whereas inertial impaction is effective capture mechanism 
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for particles larger than 0.3-1µm. Meanwhile the electrostatic forces are typically useful for 
improving the collection of particles in the range of 0.15- 0.5𝜇m (Zhu et al., 2017).  
 
Figure 2-1: Particles size spectrum for each capture mechanism in aerosol filtration 
 (Zhu et al., 2017) 
 
2.2.1. Initial filtration efficiency of fibrous media 
The initial filtration efficiency (𝜂) of a medium is considered to be a function of total single fiber 
efficiency (𝐸∑), and is given as (Hinds, 1999): 
𝜂 = 1 − 𝑒𝑥𝑝 [
−4𝛼𝑓𝐸∑𝐿
𝜋𝑑𝑓(1−𝛼𝑓)
]             (2-1) 
where 𝛼𝑓 is the packing density of the medium, 𝐿 is the thickness of the medium, and 𝑑𝑓 is the 
fiber diameter. Single fiber efficiency is the ratio of the number of settled particles to the unit 
length of fiber surface perpendicular to the airflow. It is based on all the separate deposition 
mechanisms and thus overestimates the overall efficiency, since captured particles may be counted 
more than once. 𝐸∑ is given by (Lathrache & Fissan, 1987; Tennal et al., 1991): 
𝐸∑ = 1 − (1 − 𝐸𝑚)(1 − 𝐸𝑒)           (2-2) 
where 𝐸𝑚 is the single fiber efficiency due to mechanical mechanisms 
𝐸𝑚 = 1 − (1 − 𝐸𝐷)(1 − 𝐸𝑅)(1 − 𝐸𝐷𝑅)(1 − 𝐸𝐼)        (2-3) 




𝐸𝑒 = 1 − (1 − 𝐸𝐼𝑀)(1 − 𝐸𝑃)(1 − 𝐸𝐶)             (2-4) 
where 𝐸𝐷 and 𝐸𝑅 are due to diffusion and interception (K. Lee & Liu, 1982); 𝐸𝐼 is due to impaction 
(Hinds, 1999), 𝐸𝑃 is due to polarization force; 𝐸𝐶 is due to Columbic force (Lathrache & Fissan, 
1987; Tennal et al., 1991), and 𝐸𝐼𝑀 is due to image force (Kanaoka et al., 1987). The equation for 
total single fiber efficiency is an approximation based on the assumption that all separate filtration 
mechanisms are independent if all of them are much smaller than unity (Brown, 1993; Kasper et 
al., 1978; K. Lee & Liu, 1982; Payet et al., 1992). In such a case it will be considered that total 
single fiber efficiency  (𝐸∑)  is given by the sum of the efficiencies for each of the individual 
mechanisms, plus an additional term (𝐸𝐷𝑅) indicating the interception of the particles undergoing 
diffusion.  
The application of this term to elongated particles is unclear.  
𝐸∑ ≅ 𝐸𝐷 + 𝐸𝐼 + 𝐸𝐷𝑅 + 𝐸𝑅 + 𝐸𝑃 + 𝐸𝐶 + 𝐸𝐼𝑀          (2-5) 
Finally, the dominant mechanism in nanoparticle filtration especially for particles smaller than 
20nm is diffusion, and the effects of other mechanisms are negligible (Mostofi et al., 2010). As a 
result, the total single fiber efficiency is given as: 
𝐸∑ ≅ 𝐸𝐷            (2-6) 
All the single fiber efficiency expressions for the fibrous media due to diffusion, interception, 
interception of diffused particles and electrostatic forces are given in Tables 2-1 to 2-6 









            (2-8) 
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where 𝑈0 is the face velocity (defined as flow velocity at the medium face), 𝑈 is the flow velocity 
through the medium, 𝑑𝑓 is the fiber diameter, 𝛼𝑓 is the medium packing density and 𝐷 is the 




            (2-9) 
where 𝐾𝑏 is the Boltzmann's constant 1.38×10
−23 J/K, 𝑇 is the absolute temperature, 𝜇 is the air 
viscosity, 𝑑𝑝 is the particle diameter and 𝐶𝑐 is the Cunningham correction factor, which expresses 
the non-continuum interaction between the particles and the carrier gas. Nanoparticles are small 
enough to approach the mean free path of a gas under normal conditions; the Cunningham 
correction factor is used to consider the slip condition in the gas flow, and it is defined by (M. D. 
Allen & Raabe, 1985): 
𝐶𝑐 = 1 + 𝐾𝑛𝑝 [1.257 + 0.4exp (−
1.1
𝐾𝑛𝑝
)]        (2-10) 




            (2-11) 
where 𝜆 is the mean free path of the gas. The Knudsen number is used for demonstrating the 
validation of the flow continuity assumption in the Navier-Stokes equation. For nanoparticles, the 
assumption of the continuum flow fails and the flow becomes a free molecular, which means that 
the nanoparticle diameter is much smaller than the mean free path of the molecules. Under these 
conditions, each molecule travels the length scale of the nanoparticle a number of times before 
colliding with other molecules (Przekop & Gradoń, 2008). The diffusion coefficient of a neutral 







          (2-12) 
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where ?̅?𝑟 is the root mean square velocity of the gas (502 m/s at STP), 𝑑𝑔 is the gas molecule 
diameter (0.37nm), 𝑁 is the number concentration of gas molecules   (2.45×10−25 /𝑚3 at STP), 
𝑀𝑔 is the molecular weight of the carrier gas (28.96 for air at STP), and 𝑀𝑝 is the molecular weight 
of the nanoparticles. The molecular weight of the air molecules is much less than that of the 
particles, so that the square root term can be ignored (Ichitsubo et al., 1996). For singly charged 





















Table 2-1: Single fiber efficiency due to diffusion 










 𝐻𝐿𝑎 = 2 − 𝑙𝑛𝑅𝑒𝑓 
 
 














 𝐻𝐿𝑎 = 2 − 𝑙𝑛𝑅𝑒𝑓 
 
 









3⁄ (1 + 0.62𝐾𝑛𝑓𝑃𝑒
1
3⁄ 𝐻𝐾𝑢
−1 3⁄ ) 
















 In good agreement for particles 







3⁄ + 0.624𝑃𝑒−1 
 𝑃𝑒 ≫ 1 
 𝑅𝑒𝑓 ≪ 𝛼𝑓
1/2 
 𝛼𝑓 ≪ 1 
 












 𝛼𝑓 < 0.1 
 𝑃𝑒 > 2 
 𝑅 ≪ 1 
 
 
 Theoretical model 
 For parallel staggered fibers 









−2 3⁄  
 
 
 0.01 < 𝛼𝑓 < 0.15 
 
 Empirical model 
 Continuum flow regime 
 In good agreement for particles 
down to 2nm 
 In good agreement for wire screens 
 
 




















 10−2 < 𝐾𝑛𝑓 < 10
−1 
 𝑘1 = 𝐻𝐾𝑢 + 𝜉𝐾𝑛𝑓 







 𝑃𝑒 ≅ 1 
 Slip flow regime 
 𝛿1 is the length characteristic of 
boundary layer and 𝜉  is a 
coefficient that is dependent on a 
gas-fiber interaction and is in the 


















 𝐻𝐹𝐴𝑁 = −0.5𝑙𝑛𝛼𝑓 − 0.52 + 0.46𝛼𝑓 + 1.43(1 − 𝛼𝑓) 𝐾𝑛𝑓 
 














 Theoretical model 
 Continuum flow regime 
 For large Peclet numbers 
 Underestimates filtration efficiency of nanoparticles for experimental data 

















 Fiber orientations are not orthogonal to the aerosol stream  
 Heterogeneous fibers 
 Continuum flow regime 
 In good agreement for particles 𝑑𝑝 < 0.5𝜇𝑚 
 In good agreement for real fibrous media with irregularities in fiber direction and 
non-uniformly distributed fibers 















 In good agreement for particles 𝑑𝑝 < 100𝑛𝑚 
 Uncharged  
 Intermediate value of 𝛼 
 







 0.029 < 𝛼𝑓 < 0.1 
 𝑃𝑒 < 50 
 














 0.029 < 𝛼𝑓 < 0.1 
 100 < 𝑃𝑒 < 300 
 0.26 < 𝑅𝑒𝑓 < 0.31 
 
























 10−2 < 𝐾𝑛𝑓 < 10
−1 








 Slip flow regime 
 Overestimates filtration efficiency 
of nanoparticles for experimental 
data 
 In good agreement for real fibrous 
media with irregularities in fiber 
direction and non-uniformly 
distributed fibers 
 Filtration efficiency of 
nanoparticles is greater than unity 































 10−2 < 𝐾𝑛𝑓 < 10
−1 











 0.02 < 𝑑𝑝 < 0.5𝜇𝑚 
 𝑑𝑓 = 1𝜇𝑚 𝑎𝑛𝑑 𝛼𝑓 = 0.08 
 
 Slip flow regime 
 Liquid aerosol 
 Correction factor (𝐶𝑑′) modified 
the Lee and Liu equation in order 
to lower the efficiency value to less 
than unity 
 Slightly overestimates filtration 
efficiency of nanoparticles if the 
mean fiber diameter is considered 
 In good agreement with 
experimental data, if a resistance-
equivalent diameter of the fiber is 
considered  
 In good agreement for real fibrous 
media with irregularities in fiber 


























 Continuum flow regime 





















































 Slip flow regime 
 In good agreement with the 
equation predicted by Stechkina 
(1966) if  𝑃𝑒 > 100 
 In good agreement with the 
equation predicted by Krish and 
Stechkina (1978) if  𝑃𝑒 ≅ 1 
 In good agreement for all ranges of 
Peclet numbers 
 Mean fiber diameter is considered 
 In a good agreement for real 























Table 2-2: Single fiber efficiency due to interception 









  (Interception parameter) 
 
 
 Continuum flow regime 






(1 + 𝑅)−1 − (1 + 𝑅) + 2(1 + 1.996𝐾𝑛𝑓)(1 + 𝑅)ln (1 + 𝑅)
2(−0.75 − 0.5𝑙𝑛𝛼𝑓) + 1.996𝐾𝑛𝑓(−0.5 − 𝑙𝑛𝛼𝑓)
 
 
 No slip flow at gas-fiber interface 




























(1 + 𝑅)2] 
 Continuum flow regime 


















 Slip flow regime 
 











 Continuum flow regime 
 













 𝑅 < 0.2 
 𝛼𝑓 < 0.5 
 Continuum flow regime 
 Irregularities in fiber direction and 
non-uniformly distributed fibers 
are not taken into account 
 




















 1 < 𝑈 < 30𝑐𝑚/𝑠 
 0.05 < 𝑑𝑝 < 1.3𝜇𝑚 
 0.0045 < 𝑅 < 0.12 
 0.0086 < 𝛼𝑓 < 0.151 
 
 Continuum flow regime 
 Fibers are not perpendicular to 
flow direction and are not 
uniformly distributed 
 Continuum flow regime 
 In good agreement for particles 
𝑑𝑝 < 0.5𝜇𝑚 
 Underestimates filtration efficiency 
of nanoparticles for experimental 
data 
 In good agreement for real fibrous 
media with irregularities in fiber 













𝐻 + 1.996𝐾𝑛𝑓(𝐻 + 𝑅)
 


































 0.005 < 𝑑𝑝 < 1𝜇𝑚 
 𝐾𝑛𝑓 ≅ 1 
 
 Slip flow at gas-fiber interface 
 Discontinuity of fluid around 
fibers 
 Slightly overestimates filtration 
efficiency of nanoparticles if mean 
fiber diameter is considered 
 Overestimates filtration efficiency 
of nanoparticles for experimental 
data 
 In good agreement with 
experimental data, if a resistance-
equivalent diameter of the fiber is 
considered  
 In good agreement for real fibrous 
media with irregularities in fiber 







(B. Y. Liu & 
Rubow, 
1990; Payet 










Table 2-3: Single fiber efficiency due to interception of diffused particles 

























































 𝐻𝐾𝑢/𝑃𝑒 < 0.024 

































Table 2-4: Single fiber efficiency due to image force 



















𝑞 = 𝑛 × 𝑒 
n= Number of elementary charges 
𝑒 = 1.6 × 10 −19𝐶 
𝜀𝑓 = Fiber dielectric constant 
𝜀0 = vacuum permittivity = 8.84 ×
10−12𝐹𝑚−1 
 𝑁0𝑞 > 10
−5 







 320 elementary charges per 
particle 
 Mean number of charges 
characterizing charge distribution 

























 𝑁0𝑞 > 10
−5 





 320 elementary charges per 
particle 
 Mean number of charges 
characterizing charge distribution 













 10−4 < 𝑁0𝑞 < 10
−2 








 10−2 < 𝑁0𝑞 < 1 
 







 1 < 𝑁0𝑞 < 100 
 



























 10−7 < 𝑁0𝑞 < 10
−5 











 Carrying definite charges of 0, +1, 
+2 and +3 elementary charges 




























Table 2-5: Single fiber efficiency due to polarization force 
























𝜆𝑞 = linear charge of fiber 
𝜀𝑝 = particle dielectric constant 
𝜀0 = vacuum permittivity = 8.84 × 10
−12𝐹/𝑚 
 𝛼𝑓 < 0.03 






































Table 2-6: Single fiber efficiency due to Coulomb force 












𝑞 = 𝑛 × 𝑒 = charge carried by particle 
𝑛 = number of elementary charges 
𝑒 = 1.6 × 10−19𝐶 
𝜆𝑞 = linear charge of fiber 







𝐸𝐶 = 0.78𝑁𝑞𝑞 
 
 10−3 < 𝑁𝑞𝑞 < 10
−1 







 10−1 < 𝑁𝑞𝑞 < 10 




Several experiments have been carried out to validate the possibility of using the theoretical and 
empirical models (Tables 2-1 to 2-6) to calculate nanoparticle filtration efficiency. 
In conclusion, each theoretical and empirical equation is best used in a particular condition related 
to the specific characteristics of the media and particles, but none are accurate enough for use with 
a wide range of particles and fibrous media parameters.  
Another strategy to calculate single fiber efficiency is following the path of a particle till collapse 
on the fiber surface. The Langevin equation is applied to demonstrate the motion of nanoparticles, 
and a Brownian dynamics algorithm is used to integrate the Langevin equation in order to measure 
the single fiber efficiency. A full explanation of this algorithm is available (Bałazy & Podgórski, 
2007). 
2.2.2. Filtration efficiency of clogged fibrous media 
During use of a medium, its efficiency decreases over time due to the clogging of fibrous media. 
This stage in the medium’s life ‒ dynamic filtration ‒ involves changes in the medium’s properties 
over time, as particle deposition increases. Efficiency is thus a function of time (Mahdavi et al., 
2015). 
Classical models of single fiber efficiency (Tables 2-1 to 2–6) are used to determine the initial 
filtration efficiency of a fibrous filter (Eq. 2-1). These models are based on the structural properties 
of the medium. A new model for the clogged medium was proposed by (Hinds & Kadrichu, 1997) 
and (Kirsch, 1998) based on the increase in two parameters: the mean diameter of the fibers and 
the packing density of the medium with an increase in number of collected particles. According to 
Hinds and Kadrichu, the new packing density (𝛼) and the new mean fiber diameter (𝑑𝑓
∗) of a 
depth-clogged medium are given by: 
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′            (2-15) 
where 𝐿𝑓
′ is the total length of the fibers per unit volume and 𝐿𝑝
′ is the length of the chain of 





2            (2-16) 
and  
𝐿𝑝
′ = 𝑁𝑑𝑝𝐿𝑇            (2-17) 
Where N is the number of collected particles per unit volume and 𝐿𝑇 is the relative length of the 
chains of particles with respect to the fibers. Based on this model the medium is compared to a 
new medium with different characteristics. This approach can translate the evolution of the 
medium efficiency during clogging.   
2.3. Pressure drop of flat fibrous media 
2.3.1. Pressure drop of clean flat fibrous media 
Several relations have been proposed to measure the pressure drop across clean fibrous media. 
Most of them are according to Darcy’s law and given as: 
∆𝑝0 = 𝜇𝑈0𝐿𝑓𝐹           (2-18) 
 
where 𝜇 is the gas dynamic viscosity, 𝑈0 the face velocity, 𝐹 the drag coefficient, and 𝐿𝑓 the length 
of all fibers per unit of medium area. The total length of the fiber is linked to the medium thickness 






2            (2-19) 




2 𝐹           (2-20) 
Different models of the dimensionless drag coefficient F are summarized in Table 2-7. The 
approaches of Happel (Happel, 1959), Kuwabara (Kuwabara, 1959), Fuchs (Fuchs & Stechkina, 
1963), and Pich (Pich, 1966) were based on a theoretical calculation for a viscous flow 
perpendicular to an array of parallel cylinders. The approaches of Davies (Davies, 1953), Chen 
(Chen, 1955), Spielman (Spielman & Goren, 1968), Henry (Henry & Ariman, 1983) and Jackson 
(Jackson & James, 1986), on the other hand, were based on a theoretical calculation for a viscous 
flow across a random arrangement of fibers. Discrepancies between the pressure drops predicted 
by these models and the experimental measurements (Davies, 1953) were noted, mainly due to the 
fact that real fibrous media do not have the regular geometry assumed in the theoretical model. 
The empirical model suggested by (Davies, 1953), which has been tested for a large amount of 












Table 2-7: Dimensionless drag coefficient 

















2⁄ (1 + 56𝛼𝑓
3)            
             
𝐹 = 16𝜋𝛼𝑓
1
2⁄                                                    
Random arrangement of fibers 
Empirical model 
0.006 < 𝛼𝑓 < 0.3 
 











2 )(1 − 𝛼𝑓)
 
Random arrangement of fibers 
Empirical model 
𝐶1 and 𝐶2 depend on fiber orientation 
Experimentally 𝐶1 = 0.64 and 𝐶2 = 6.1 
 




































































Random arrangement of fibers 
Theoretical model 
𝛼𝑓 < 0.75 
𝐾0 and 𝐾1 Bessel’s functions modified by the order 





𝐹 = 2.446 + 38.16𝛼𝑓 + 138.9𝛼𝑓
2 












Random arrangement of fibers 
Theoretical model 











2.3.1. Pressure drop of clogged flat fibrous media 
A few attempts have been made to derive a mathematical prediction of pressure drop during 
clogging (Bergman et al., 1978; C. N. Davies, 1973; Juda & Chrosciel, 1970; Kanaoka & Hiragi, 
1990; Payatakes & Okuyama, 1982). Novick’s approach (Novick et al., 1991) is quite different 
from the others: they considered the presence of a cake as a result of particle deposition on fiber 
surface. Davies’ model is based on the expression he had established for a clean medium. In 
considering the collected mass, therefore, he assumed that particles were uniformly deposited on 
each fiber, increasing both the fiber diameter and medium’s packing density. The major advantage 
of this model is that all parameters can be easily measured. Nevertheless, the impact of particle 
size is not considered. 
In Bergman’s model (Bergman et al., 1978), two types of fibers collaborate to collect particles 
inside the medium; first, the initial clean fibers, and second, the deposited particles, which form 
dendrites that act as new fibers. (Letourneau et al., 1993) demonstrated that collected particles are 
not distributed uniformly over the whole thickness of a medium. Surface layers are assumed to be 
more loaded than depth layers. 
The same authors subsequently compared their experimental results with those of the Bergman 
model (Bergman et al., 1978), for the Most Penetrating Particle Size (MPPS) (0.15 and 0.25𝜇m), 
and reported that the Bergman model underestimates the pressure drop. They therefore proposed 
that in order to model pressure drop in fibrous media as a function of the deposited particle mass, 
the penetration profile of particles inside the fibrous media must be known. All the other models 
are difficult to use and validate through experiments. (Kanaoka & Hiragi, 1990), (Payatakes & 
Gradoń, 1980), and (Payatakes & Okuyama, 1982) have individually developed models based on 
determining the complex drag force acting on the fiber surface.  
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Novick’s model (Novick et al., 1991) of fibrous media cake formation requires knowledge of the 
particle deposition packing density, defined as cake packing density (𝛼𝑝𝑐), which is difficult to 
derive. They assumed the pressure drop caused by the clogged media as the additional pressure 
drop in the clean media (∆𝑝0) and in the cake during particle deposition. Based on limited 
experimental studies, a range of values is given for 𝛼𝑝𝑐: (A. Kirsch & Lahtin, 1975) gave values 
of 0.08 to 0.15  for particles smaller than 1𝜇m, while (Schmidt & Löffler, 1991) reported 0.11 and 
0.21 for 3.8𝜇m particles. 
(Thomas et al., 2001) developed a new model based on observation of the clogged fibrous media 
scanning electron microscopy. They suggested that all collected particles form dendrites which 
can be assumed to act as new fibers and contribute to the increase in collection efficiency. 
In this model, the medium is divided into several slices containing both types of particle collectors: 
medium fibers and deposited particles. Slices are defined by their thickness 𝐿𝐽. During filtration, 
slice J is considered to be homogeneously loaded with particles, and the packing density of the 
collected particles,  𝛼𝑝𝐽,𝑡  as a function of filtration time is given as: 
𝛼𝑝𝐽,𝑡 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑠𝑙𝑖𝑐𝑒 𝐽 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑙𝑖𝑐𝑒 𝐽
        (2-21) 
 




the rate across the dendrites is given as  
𝛼𝑝
(1−𝛼𝑓)
 .  
Several correlations are used to estimate the pressure drop in fibrous media during clogging. 





Table 2-8: Models of pressure drop for clogged flat fibrous media 





2(ln (𝛼𝑓 + 𝛼𝑝) + 2𝐶1)
 
 Particles collect inside the medium (depth filtration) 
 Particles are not distributed uniformly across the fiber 
















 Particles collect inside the medium (depth filtration) 
 Homogeneous distribution of particles throughout the medium 
 Does not take into account the size of collected particles  
 
(C. N. Davies, 
1973) 
 
















 Particles collect inside the medium (depth filtration) 
 Homogeneous deposition of particles throughout the medium  
 Uniformity in particle diameter throughout the medium 
 Takes into consideration the mean size of collected particles  














2 [(1 + 𝛽)
3








































 Particles collect inside the medium (depth filtration) 




 is the area density of collected particles 
 Does not take into account the homogeneous deposition of particles throughout the 
medium  
 Satisfactorily translates the evolution of pressure drop across a high-efficiency 
medium when it undergoes deep clogging 
 Strongly dependent on the penetration factor 
 Does not take into account the variation in penetration factor during clogging or the 
variation in mean diameter of collected particles based on the thickness of the 
medium 








































 Particles collect inside the medium (depth filtration) 
 Particles do not accumulate homogeneously on the fibers 
 Agreement between the model and the experiment on real fibrous media is less 
satisfactory 
 This model can only be applied if the equations relating the fiber diameter and drag 
coefficients to the mass of collected particles are known 
  𝐶𝑇and 𝐶𝑇𝑚(𝑙, 𝑡) are the drag coefficients for virgin fibers and loaded fibers, 
respectively, and 𝑑𝑓𝑚(𝑙, 𝑡) is the diameter of the loaded fiber 
 𝑉𝑐 is the dimensionless volume of collected particles 
 𝑚𝐿𝐹 is the mas of collected particles per unit length of fiber 

























 Particles form a cake (surface filtration) 
 Pressure drop due to the medium (Davies' law) and the cake (Kozeny-Carman 
relationship) 
 Packing density assumed constant over cake thickness 
 There is no compression on the cake 
 𝑎𝑔 is the particle specific area 
 ℎ𝑘 is the Kozeny constant  






























+ 56(𝛼𝑝𝐽𝑡 + 𝛼𝑓)
3
] 







 Particles collect inside the medium (depth filtration) and on its surface (surface 
filtration) 
 Medium divided into several slices 
 Bergman’s model used for depth filtration 
 Novick’s model used for surface filtration 
 Dendrite considered to be a fiber  
 Particle penetration profile is considered 
 Overestimates the pressure drop during depth filtration 
 Underestimates the accumulated mass at clogging point 


































 Particles form a cake (surface filtration) 
 Novick’s model modified for non-spherical particles 
 Widely used to determine the pressure drop of a nanostructure deposit in the Stokes 
regime 
 Pressure drop is the sum of the drag forces acting on all particles forming the cake  
 𝜐(𝛼𝑝𝑐) is the void function which makes it possible to consider the effect of 
neighbouring particles 
 Applicable to soot agglomerate deposits 
 𝜅 = 1 which is the dynamic shape factor of the particles 
 Size distribution of the spherical primary particles is considered 
 Size distribution of the agglomerates is not considered 













































 Particles form a cake (surface filtration) 
 Based on Davies’ law for a nanoparticle cake 
 Nanostructure deposit assumed to be a tangle of chains composed of juxtaposed 
particles with (aggregates) or without (agglomerates) partial overlapping 
 Uses the drag force acting on the particle chain rather on particles 
 Cake packing density is determined by agglomerate or aggregate diameters whereas 
pressure drop is linked to particle primary diameter and overlap coefficient 
 𝐶𝑜 is the overlap parameter which is equal to: 𝐶𝑜 =
(𝑑𝑝−𝑑)
𝑑𝑝
 where d is the distance 
between two particles in contact 
if 𝐶𝑜 = 0 the primary particles are in point contact (juxtaposed particles) 
if 𝐶𝑜 = 1 the particles are completely merged 
 𝑑𝑝 is the diameter of average mass which is equal to: 
𝑑𝑝 = 𝑑𝑝𝐺𝑒𝑥𝑝[1.5𝑙𝑛
2(𝜎𝑔)]  




































(Capillary approach  for depth filtration) 
 








 Particles collect inside the media (depth filtration) and on its surface (surface 
filtration) 
 Capillary approach used for depth filtration 











These models can be classified into two main groups: capillary models and particulate models. 
The most prominent correlation based on a capillary model is the Kozeny-Carman equation in 
Stokes regime. In this approach, the porous medium is considered to be an assembly of capillaries 
of particular size and geometry through which fluid flows. There are many relationships for 
determining Kozeny’s constant, all of which are a function of the packing density of the deposited 
particles. Table 2-9 lists some of the expressions found in the literature. Particulate models are 
based on flow around particles. (Mauret & Renaud, 1997) and (Punčochář & Drahoš, 2000) have 
determined the applicability range of these models. In the case of fibers, (Mauret & Renaud, 1997) 
demonstrated that the capillary approach is less appropriate for packing densities greater than 0.75 
(𝛼𝑓 > 0.75) and for Reynolds numbers below 100 (𝑅𝑒 < 100). Since the packing density of 
nanostructured deposits is very high, ranging from 90% to 98% (Andersen et al., 2002; S. C. Kim 
et al., 2009; J. Liu et al., 2013), the approach based on capillary models is not relevant. 
Table 2-9: Kozeny’s constant relationships 
Expression Range of validity Ref. 










0.006 < 𝛼𝑝𝑐 < 0.3 
 
(C. N. Davies, 1973) 
ℎ𝑘 = 4.7 + 𝑒
14(0.2−𝛼𝑝𝑐) 0.01 < 𝛼𝑝𝑐 < 0.4 (F. Chen, 1975) 
ℎ𝑘 = 5 + 𝑒










0.01 < 𝛼𝑝𝑐 < 0.6 
 
(Ingmanson & Andrews, 1963) 
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2.4. Estimating the packing density of the deposited particles (𝜶𝒑𝒄) 
Packing density is a significant parameter for the estimation of pressure drop during dynamic 
performance of the medium. It can be determined using direct or indirect measurements. An 
example of the former is to measure the thickness and mass of the deposit; thickness can be 
measured by observing a slice of the medium by means of a cathetometer, an optical microscope, 
SEM or interferometry (Callé, 2000; Joubert, 2009; Penicot Baugé, 1998; Schmidt & Löffler, 
1991), or by using laser triangulation during the filtration process (Bourrous, 2014). The mass of 
the collected particles is equal to the difference in mass between the clogged medium and the clean 
medium. If the medium is heavily clogged or if the particles are not very penetrating, this mass 
may be compared to the mass of the collected particles (m) on the medium area (Ω). Thus, the 




            (2-22) 
This approach can be used to obtain a packing density value for the deposit, provided it is a 
homogeneous deposit. However, the obtained value is strongly dependent on the percentage of 
uncertainty in measuring the thickness of the deposit. As (Schmidt & Löffler, 1991) have proposed 
in regard to solving the uncertainty issue, dealing with greater thicknesses will lead to 
minimization of the uncertainty related to thickness values. 
Indirect measurement, based on modeling of the linear evolution of the pressure drop, will use a 
model and adjust its packing density values. The obtained packing density cannot be separated 
from the related pressure drop expression and does not, in any case, define the real value of the 
packing density of the cake. This method was used by (Penicot Baugé, 1998) with the Kozeny-
Carman model, validated across a range of packing densities from 0.2 to 0.7. Applying this method 
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to experimental data on pressure drop evolution demonstrates a relationship between calculated 
packing density and the mass median diameter of the particles that form the deposit. 
As a result, the packing density of the cake is as follows: 
𝛼𝑝𝑐 = 0.58 [1 − 𝑒𝑥𝑝 (
−𝑑𝑝
0.53
)]          (2-23) 
This evolution is confirmed by (Brock & Tarleton, 1998) simulation of the formation of a particle 
deposit and also by the simulation by (Jeon & Jung, 2004). They demonstrated that a low adhesive 
force between the particles leads to a denser particle structure. (Kasper et al., 2010) propose the 
following relationship based on their observation of monodisperse spherical polystyrene particles 
deposited on steel fibers with a diameter of 8 and 30𝜇m: 
𝛼𝑝𝑐 = 0.64[1 − 𝑒𝑥𝑝(−290𝜌𝑝𝑑𝑝)]         (2-24) 
(Yu et al., 2003) propose an empirical relationship (Eq. 2-25) based on tests they performed on 
aluminum oxide powders with a median diameter ranging from 2.8 to 54𝜇m (Yu et al., 1997). 
𝛼𝑝𝑐 = 0.606[1 − 𝑒𝑥𝑝(−275𝑑𝑝
0.468)]        (2-25) 
2.5. Parameters affecting nanoparticle filtration efficiency  
2.5.1. Effect of face velocity and air flow rate 
The face velocity or airflow rate can considerably affect the overall filtration efficiency of fibrous 
media (Alonso et al., 1997; Bahloul et al., 2014; Kousaka et al., 1990; Mostofi et al., 2010). At 
low face velocity, diffusion and electrostatic forces collaborate considerably to capture particles 
due to higher residence time. As face velocity increases, the interception mechanism becomes 
dominant while the diffusion mechanism contributes much less to the medium’s filtration 
efficiency. Therefore, it is expected that filtration efficiency will drop significantly at higher face 
velocities. (Boskovic et al., 2007; Boskovic et al., 2008) conducted experiments at velocities 
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ranging between 5 and 20 cm/s for different shapes of particles. Generated particles were in the 
range of 50 to 300 nm. The results demonstrated that at lower face velocities the filtration 
efficiency of fibrous media increased for all particle shapes. (Balazy et al., 2004) studied filtration 
efficiency and pressure drop at air velocities in the range of 10 to 30 cm/s for particle sizes between 
10 and 500nm. The results showed that filtration efficiency decreased when air velocity increased. 
(S. C. Kim et al., 2007a) carried out an experiment with face velocities in the range of 5.3, 10, and 
15 cm/s using silver nanoparticles between 3 and 20 nm. The results demonstrated that with an 
increase in face velocity, filtration efficiency decreases due to shorter residence time in the fibrous 
medium. 
2.5.2. Effect of humidity 
Humidity is one of the factors that may have an effect on the filtration efficiency of fibrous media 
(Mahdavi et al., 2015; Mostofi et al., 2010). Due to lack of studies, the effects of humidity are not 
well understood. In general, high relative humidity decreases the flow resistance of fibrous media 
when loading with hygroscopic particles, but has no influence in the case of non-hygroscopic 
particles (Gupta et al., 1993; Joubert et al., 2010; Miguel, 2003). (Joubert et al., 2011) carried out 
an experiment with varying levels of humidity and demonstrated that, with higher relative 
humidity in the range of 20 to 60%, specific cake resistance is decreased and does not rely on the 
mass of the loading particles.  
The properties of hygroscopic particles are influenced by particle size and have been demonstrated 
to occur below the relative humidity condition at deliquescence point for nanometer-sized particles 
(Biskos et al., 2006). For low relative humidity (RH <70%) and nanometer-sized particles (𝑑𝑝 
<200 nm), the growth factor (i.e., the change in particle size from the diameter in dry conditions, 
which depends on particle size) is larger for smaller particles and higher relative humidity (Hu et 
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al., 2010). NaCl has also been demonstrated to have a reversible uptake of liquid water on the 
surface for relative humidity below deliquescence point, which can have an effect on particle shape 
and structure (Wise et al., 2008). The work of (Hu et al., 2010), demonstrates that hygroscopic 
particles exhibit a GF between 0 and 10% for particles in the range of 20 to 200 nm over a relative 
humidity between 0 and 70%. Physical changes in particle structures formed on the fiber surface 
are responsible for alterations in the properties of loaded media under relative humidity conditions. 
A recent investigation by (Montgomery et al., 2015) showed the impact of relative humidity on 
the properties of air fibrous media loaded with hygroscopic and non-hygroscopic particles. NaCl 
and Al2O3 particles were loaded on commercial fibrous media in a laboratory. After testing at the 
desired relative humidity, they were exposed to clean air. Consequently, both flow resistance and 
filtration efficiency decreased. The changes were found to be irreversible in nature, showing an 
underlying physical change in the structure of the captured dust. No changes were seen for the 
clean medium or for fibrous media with adhering non-hygroscopic particles.  
The authors of that study presented an explanation for the physical change in particle properties 
underlying the change in medium characteristics. They posited that the loaded particles on the fiber 
could have changed in size when exposed to a high level of relative humidity. This increase in 
particle size could exert stress on the structure of captured dust.  
To confirm this hypothesis, the changes in particle aggregate structure with relative humidity need 
to be identified and quantified through further research. 
(C. S. Kim et al., 2006)  subjected particles smaller than 100nm to three humidity conditions  of 
10.6, 305 and over 23000 ppm corresponding to 0.04, 1.22 and 92% relative humidity respectively, 
and did not find any observable effects on filtration efficiency. However, (Hinds, 1999; Miguel, 
2003) demonstrated that for coarse particles, filtration efficiency increased with relative humidity. 
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(C. S. Kim et al., 2006) posited that an increase of the capillary force at higher relative humidity 
would increase the adherence between fibers and particles. However, the attraction between 
particles and fibers due to capillary force is only significant for larger particles. 
Studies on electret fibrous media have shown that filtration efficiency decreases as humidity 
increases. The reason is that higher relative humidity eliminates the charges on both fibers and 
particles (Mostofi et al., 2010). (Ikezaki et al., 1995) and (Łowkis & Motyl, 2001) demonstrated 
that the potential of electret fibrous media for collecting nanoparticles falls as the surface charge 
is decreased under higher relative humidity. (Yang & Lee, 2005) however, showed that relative 
humidity has no impact on particle penetration through the electret fibrous medium for 
monodisperse NaCl particles between 50 and 100 nm. In addition, they argued that other 
investigations charged the electret fibrous media mainly through corona or triboelectric charging 
methods, which makes the ions and electrons on the fibers readily removable by the water 
molecules. In their investigation, Yang & Lee charged the media by coating them with negative 
carbon chain-group ions, which makes the surface charge less affected by relative humidity. 
2.5.3. Effect of particles shape and morphology 
Particle shape has been shown to affect filtration efficiency for nanoparticles in fibrous media. 
(Boskovic et al., 2005) performed an experiment with polystyrene latex (PSL) spheres, spherical 
particles of iron oxide, and perfect cubes of magnesium oxide. The polypropylene medium used 
in this experiment was 2mm thick and had a packing density of 0.09. The fiber diameter was 19 𝜇m 
and the face velocity was 0.02 m/s. The results demonstrated that, for particle sizes between 50 
and 300 nm, the filtration efficiency was much lower for cubic particles than for spherical particles 
of the same electrical mobility diameter, and it improved as the particle size increased. The 
explanation given by Boscovic is that particles of different shapes move differently on the fiber 
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surface. Spherical particles slide or roll before coming to rest, while cubic particles slide or tumble. 
Tumbling can considerably change the contact area between particle and fiber surface, thereby 
increasing the possibility of the particle detaching from the fiber. Note that detachment due to 
tumbling differs from thermal rebound. 
In a subsequent investigation (Boskovic et al., 2007), a 3mm-thick polypropylene medium was 
soaked with mineral oil and then squeezed to remove excess oil. The medium had a packing density 
of 0.184 and the fiber had a mean diameter of 12.9𝜇m with a standard deviation of 1.4. Using 
spherical PSL particles and cubic MgO particles between 50 and 300 nm in electrical mobility 
diameter, filtration efficiencies were determined for two face velocities, 0.1 and 0.2 m/s. No 
significant difference in filtration efficiency was observed between spherical and cubic particles 
of the same electrical mobility diameter. The results showed that absorption of the particles’ kinetic 
energy by the oil film had effectively restrained particle motion on the fiber after collision and 
thereby decreased the probability of detachment. This supports the hypothesis that the type of 
particle motion on the fiber surface after collision can have an effect on filtration efficiency. 
(Boskovic et al., 2008) also carried out another series of experiments with spherical PSL particles, 
perfect cubes of MgO particles, and cubic NaCl particles with rounded corners. The 2mm-thick 
polypropylene medium had a packing density of 0.29 and a fiber diameter of 12𝜇m. The 
experiments were conducted with three face velocities, 0.05, 0.1 and 0.2 m/s. The results 
demonstrated that, when inertial effects were inconsequential at 𝑈0 = 0.05 and 0.1 m/s, the 
filtration efficiencies for 100nm particles were in the following order: PSL particles > NaCl 
particles > MgO particles. The order can be explained by the fact that a cubic NaCl particle with 
rounded corners will tumble if it hits a fiber with one of its sharp edges, but will roll if it hits with 
one of its rounded corners. As a result, the intermediate-shaped NaCl particle has a detachment 
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probability that lies between that of a sphere and that of a perfect cube. At 𝑈0 = 0.2 m/s, there is 
no significant difference in filtration efficiency between cubic MgO particles and intermediate-
shaped NaCl particles, because the improvement due to inertial impaction for the denser (heavier) 
MgO particles sufficiently offsets the higher probability of detachment. 
2.5.4. Effect of fiber diameter 
The medium is assumed to be constituted by uniform fibers. From the equation of single fiber 
efficiency, it can be seen clearly that the single fiber efficiency due to interception of diffused 
particles is higher for finer fibers. Also, filtration efficiency increases as fiber diameter decreases. 
As a result, media composed of finer fibers have a better filtration efficiency for nanoparticles. 
(Hinds, 1999) measured filtration efficiency as a function of particle size for three fibrous media 
having the same pressure drop, packing density (0.05), and face velocity (0.1 m/s), with fiber 
diameters of 0.5, 2, and 10 𝜇m. The results demonstrated that the medium with the finest fibers 
yielded the smallest MPPS and the highest minimum efficiency. It also gave a higher quality factor, 
but only for particles larger than 0.2 𝜇m. 
The quality factor, which is used to measure performance, is determined mainly by particle 
collection efficiency and pressure drop. The best medium has the highest filtration efficiency and 




            (2-26)  
The term nanofiber has been used to characterize fibers smaller than 1 𝜇m in diameter. (Podgórski 
et al., 2006) conducted an experiment using one conventional microfiber medium and five dual-
layer media composed of a poly-disperse nanofiber layer and a poly-disperse microfiber support 
layer. The particles collected were poly-disperse liquid DEHS particles ranging in size from 10 to 
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500 nm, at a face velocity of 0.0894 m/s. The nanofibers had mean diameters in the range of 0.74 
to 1.41𝜇m; the media were between 1.4 and 5.5 mm thick, with packing densities in the range of 
0.014 to 0.035. The microfibers had a mean diameter of 18 𝜇m; the medium was 2.1 mm thick, 
with a packing density of 0.149. The results demonstrated that the filtration efficiency of all five 
dual-layer media was considerably higher than that of the microfiber medium tested alone, for 
particles in the MPPS range. Because the elevation in pressure drop due to the addition of a 
nanofiber layer was moderate, four of the five dual-layer media had quality factors higher than that 
of the microfiber medium. Only one dual-layer medium had a lower quality factor for particles 
smaller than 30 nm.  
Yun (Yun et al., 2007) employed poly-acrylonitrile nanofiber to investigate filtration of 
monodisperse NaCl particles in the range of 10 to 80 nm at a face velocity of 0.053 m/s. The 
nanofibers, 0.27 𝜇m in diameter, were produced using the electrostatic spinning process. The five 
nanofiber media had thicknesses between 0.004 and 0.02 mm and packing densities in the range 
of 0.112 to 0.152. The results demonstrated that, to have the same level of filtration efficiency as 
commercial fibrous media, the nanofiber media required a considerably lower mass but a higher 
pressure drop. For a given particle size, the filter quality factor and single fiber efficiency for 
nanofiber media relied on packing density and fiber diameter. 
(J. Wang et al., 2008) carried out an investigation using four media, each constituted of a layer of 
nanofibers placed on a substrate made of micrometer fibers. The nanofiber diameter was 0.15𝜇m, 
the effective packing density was between 0.034 and 0.134, the face velocity was 0.10 m/s, and 
the particle diameter was between 3 and 780 nm. It was observed that both filtration efficiency and 
pressure drop increased as the packing density of the nanofiber layer rose. Because of the 
considerable increase in pressure drop, the addition of nanofibers was only capable of improving 
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the quality factor for particles larger than about 100 nm. Wang also established a numerical model 
for nanofiber media. The simulation results were in good agreement with the experimental data 
for particles larger than 20 nm. 
In a more recent study with three sizes of electro-spun Nylon 6 nanofibers (94, 185 and 220 nm in 
diameter), (Hung & Leung, 2011) demonstrated that the finer nanofiber media gave higher 
filtration efficiencies for particles between 50 and 200 nm than did the coarser media, mainly 
because of greater diffusion and interception. However, the pressure drop was considerably higher 
for the finer media. 
For filtration of particles in the range of 50 to 90 nm, the 185 nm-fiber medium had a better quality 
factor than the 94 nm-fiber medium, but the opposite was true for particles between 100 and 380 
nm.  
It has been demonstrated that growing multi-walled carbon nanotube (MWCNT) fibers on a 
fibrous medium can increase nanoparticle filtration efficiency without a noticeable increase in 
pressure drop. 
2.5.5. Effect of heterogeneous fibers 
Fibrous structure is complicated and difficult to model (Brown, 1993; C. N. Davies, 1973). Most 
investigators tend to simplify the medium as an array of uniform fibers. Heterogeneities in 
structure have a significant effect on fibrous medium efficiency (A. Kirsch & Stechkina, 1973; A. 
Kirsch et al., 1974).  
There are two main kinds of medium heterogeneity. In one of them the medium consists of fibers 
not uniformly distributed over the medium (Adam et al., 1992; Dhaniyala & Liu, 2001a; Dhaniyala 
& Liu, 2001b; Heidenreich et al., 1991; Molter & Fissan, 1997). In the other, the fibers have a 
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wide range of diameters uniformly distributed over the medium (Bao et al., 1998; Podgórski et al., 
2006; Sakano et al., 2000).  
Steffens & Coury, (2007) proposed considering the medium as a superimposition of n fibrous 
media, each one consisting of fibers with a narrower size range (A. Kirsch & Stechkina, 1973; 
Sakano et al., 2000). Consequently, the whole medium can be simplified as a sequence of n media 
of height L and packing density 𝛼𝑖, each consisting of fibers with diameter 𝑑𝑓𝑖. The packing 
density 𝛼𝑖 can be readily correlated to the medium’s overall packing density 𝛼, by the following 
relation: 
𝛼𝑓𝑖 = 1 − (𝛼𝑓 × 𝑥𝑖)           (2-27) 




            (2-28) 
Where 𝑛𝑖 is the number of fibers with a given diameter 𝑑𝑓𝑖. 
Therefore, the total efficiency is given as: 









𝑖=1 ]         (2-29) 
Steffen and Coury (Steffens & Coury, 2007) conducted an experiment to validate the model for a 
HEPA filter with heterogeneous fibers. The medium had a packing density of 0.08, a thickness of 
0.4 mm, and a fiber median diameter of 0.45𝜇m. Mono-dispersed nanoparticles between 8.5 and 
94.8 nm were chosen, with face velocities of 0.03 to 0.25 m/s. The results demonstrated that the 
predictions underestimate the results. It was suggested that the existing correlation be corrected by 
characterizing the medium as constituted of several media in series, each with a fiber diameter and 




2.5.6. Effect of electrostatic forces 
Application of electrostatic forces can considerably enhance filtration efficiency. The process of 
aerosol filtration in the presence of electrostatic forces is complex. Past investigations have led to 
a good understanding of the filtration process in clean fibrous media, but there is a notable gap 
between theory and experiment when it comes to the impact of electrostatic forces on filter 
efficiency (C. Wang, 2001). 
The electrostatic effect is generally useful for improving the collection of particles ranging in size 
from 0.15 to 0.5𝜇m, which are difficult to capture by other mechanisms. Filtration efficiency in 
the presence of electrostatic forces is affected by factors such as chemical composition of particles 
and fibers, charges on particles, charge density on the fiber surface, and the intensity of the 
externally exerted electric field (Mostofi et al., 2010).  
There are generally two ways of employing electrostatic forces on both fibers and particles: one is 
charging the particles and the other is creating an electric field inside the medium. When the 
charges on the particle and the fiber are of opposite polarities, a Coulomb force is generated, 
whereas if the particle is charged and the fiber is neutral, or vice-versa, a polarization or image 
force is created. Generally, the term “polarization force” is used when the charge is on the fiber, 
and “image force” when the charge is on the particle. Two comprehensive reviews about the effect 
of electrostatic mechanisms in aerosol filtration can be found in (Brown, 1993; Shapiro et al., 
1988). 
Alonso (Alonso et al., 2007) investigated the impact of image force on the diffusional deposition 
of aerosols on wire screens. An experiment was carried out with particles carrying elementary 
charges of 0, +1, +2 or +3, at three different flow rates, and using two types of wire screens. The 
image force dimensionless number (𝑁𝐼𝑀) was between 10
−7and 10−5. Two different correlations 
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were suggested: one which best fit the experimental data; and a second one based on the theoretical 
expectation that the image force deposition efficiency is proportional to the square root of the 
dimensionless number (𝑁𝐼𝑀). The experiment demonstrated that the image force effect is 
considerable, even for singly charged small particles. (Thomas et al., 2013) conducted an 
experiment using dielectric meshes and charged and uncharged copper and carbon nanoparticles 
in the range of 4 to 80nm. The results for the stainless-steel meshes were in good agreement with 
the equation for single fiber efficiency due to diffusion (Cheng & Yeh, 1980). For the polymer 
fiber meshes, however, the results deviated largely from this expression. Moreover, neutral aerosol 
penetration did not improve steadily as the particle diameter increased.  
The above results reported by (Thomas et al., 2013) demonstrate that filtration efficiency due to 
electrostatic forces improves with particle size; for example, it can be enhanced by 20–30% when 
the particle diameter increases to 100nm. This effect is much more noticeable than any other 
investigators reported in the past (C. S. Kim et al., 2006; Yun et al., 2007). Almost all other 
researchers had found that nanoparticle filtration efficiency due to electrostatic forces was 
inconsequential.  
For nanoparticles, the analytical solution of the transient charging equation has been calculated 
following the Fuchs theory (Fuchs, 1963). In this theory, the space surrounding a particle is divided 
into two regions. In the outer region, ions move based on the continuum diffusion equation, while 
in the inner region they move as in a vacuum, i.e., they have no collision with air molecules. 
(Hoppel & Frick, 1986) demonstrated that for particles smaller than 20 nm, the probability of a 
particle obtaining two or more net charges of either sign is practically zero. Consequently, there 
are only three different charges for particles smaller than 20nm: neutral, singly positive and singly 
negative. (Alonso et al., 2002) recalculated the ion attachment rate coefficient according to the 
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Fuchs theory for particle diameters in the range of 2 to 20 nm. They understood that the probability 
of negative ions attaching to positive particles is greater than that of positive ions attaching to 
negative particles. Similarly, the probability of negative ions attaching to neutral particles is greater 
than that of positive ions attaching to neutral particles. So, at the end of the neutralizing process, 
negatively charged particles are prevailing over positive ones for particles smaller than 20 nm.  
On the other hand, (Hogan et al., 2009) tested positive unipolar diffusion charging between 
particles ranging in size from 50 to 200 nm. They demonstrated that the larger particles were able 
to obtain more net charges.  
(Marlow & Brock, 1975) showed that there was a considerable difference in polarity between 
larger and smaller particles when they pass through the same bipolar charger. In the process of 
charging poly-disperse particles, due to unequal charging rates, large and small particles may 
demonstrate different polarities. Based on the above analysis, we understand that during the 
neutralizing process, particles smaller than 20 nm get different charges compared to the larger ones 
and consequently demonstrate a different level of filtration performance. Electrostatic forces might 
therefore have an adverse effect on filtration efficiency, in the case of small particles. On the other 
hand, larger particles have different charges from smaller ones, so in their case electrostatic forces 
actually improve filtration efficiency (Givehchi et al., 2015).  
2.5.7. Effect of upstream particles concentration 
In aerosol filtration theory, the effect of upstream particle concentration on filtration efficiency has 
not yet been studied. In the filtration process, if nanoparticles behave like gas molecules upon 
impact with the surface of the fibrous media, the effect of concentration also becomes important. 
Therefore, besides deposition mechanisms in filtration, the effect of another mechanism similar to 
adsorption for gas molecules has to be taken into account. 
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This idea originates from adsorption theory, in which gas molecules travel toward a solid’s surface 
and are attracted to it by Van der Waals forces. This mechanism depends on the molar 
concentration: as the concentration increases, more and more of the surface is covered by the gas 
molecules. Therefore, at higher concentrations, molecules have less chance of colliding on the 
surface, causing reduced adsorbent efficiency. 
"To borrow the adsorption theory from gas molecules for nanoparticle adsorption, the following 
assumptions are considered: 
 For each particle size, the transport of nanoparticles onto the medium’s surface depends on 
particle concentration, which is valid according to aerosol dynamics. 
 If particles become deposited on the surface by this mechanism, they attach to the surface, 
and there is no rebound. " (Tan, 2014) 
The Freundlich model, which is an empirical equation, accurately describes adsorption for small 
nanoparticles. Single fiber efficiency based on nanoparticle concentration (𝐸𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) is thus 
defined according to the Freundlich model as follows (Tan, 2014): 
𝐸𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐾𝐶
𝑛          (2-30) 
where 𝐾 and 𝑛 are constants for a specific nanoparticle and media under certain conditions. These 
constants are defined empirically by considering the relationship between single fiber efficiency 
and particle concentration. 
Finally, the total single fiber efficiency for nanoparticles (𝐸∑), taking into account the effect of 
particle concentration, is given by: 
𝐸∑ ≅ 1 − (1 − 𝐸𝐷)(1 − 𝐸𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)        (2-31) 
where 𝐸𝐷 is the single fiber efficiency based on the diffusion mechanism and  𝐸𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 is the 
single fiber efficiency based on the effect of particle concentration. 
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(Givehchi, 2016) conducted an experiment in order to observe the effect of upstream particle 
concentration on nanoparticle filtration efficiency. She used sub-4 nm tungsten oxide particles 
moving through different electro-spun Nano-fibrous media with the particle concentrations 
of 108,107 and 106/𝐶𝑚3  with three different dilution ratios (no dilution, 1:10 and 1:100). The 
results demonstrated the different behaviors for nanoparticles smaller and larger than 1.96 nm 
during the filtration process. A noticeable drop in efficiency occurs for particles smaller than 1.96 
nm. It is demonstrated that in addition to the deposition mechanisms, adsorption is also important 
for this range of particle sizes. Based on adsorption theory, at higher particle concentrations, 
particles have less chance of colliding on the medium’s surface and reducing the filtration 
efficiency.  
2.5.8. Effect of temperature  
In aerosol filtration theory, the effect of temperature on nanoparticles filtration efficiency has not 
been studied in details. In the filtration process by increasing the temperature, the probability of 
rebounding nanoparticles from the surface of the fiber will increase. This is because of that, by 
improving the temperature, thermal speed of the particles will increase.     
Previous studies on high temperature filtration have been basically focused on the micrometer size 
range (De Freitas et al., 2006; Hemmer et al., 2003). Therefore, it is important to study nanoparticle 
filtration at elevated temperatures. 
The dynamic viscosity as a function of absolute temperature is derived using the Sutherland 
formula is given by (M. Allen & Raabe, 1982): 









)          (2-32) 
where 𝜇23 is the reference viscosity at 296.15 K. 
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The mean free path is function of temperature and pressure, which is given as (Willeke, 1976): 













)          (2-33) 
where 𝜆0 is the 67.3 nm for air at STP, 𝑇0 is the reference temperature, which is equal to 296.15 
K, 𝑃0  is the reference pressure, which is equal to 101.35 kPa, T is the air temperature in the filter 
upstream inside the filter holder, and P is the air pressure inside the filter upstream inside the filter 
holder. 
By calculating the dependency of dynamic viscosity, slip correction factor and diffusion 
coefficient on temperature, finally, the single fiber efficiency du to diffusion for constant face 
velocity is given by: 
𝐸𝐷~𝑇             (2-34) 
Figure 2-2 clearly demonstrates the theoretical evolution of the penetration of the system as a 
function of temperature (Mouret et al., 2011). 
Shin et al 2008 (Shin et al., 2008), conducted an experiment to investigate the effect of elevated 
temperature on filtration efficiency of nanoparticles. They used a screen mesh at elevated 
temperatures up to 500 K for silver nanoparticles between 3 to 20 nm. A small change in the single 
fiber efficiency with temperature was reported for a constant flow rate as is predicted by classical 





Figure 2-2: Theoretical evolution of the penetration as a function of temperature 
 (Mouret et al., 2011) 
 
2.6. Standards for the filter performance evaluation and the limitations 
Filters used in air purification in North America are classified on the basis of their performance 
and stand by the U.S. standards like ANSI/ASHRAE 52.2 (American Society of Heating, 
Refrigerating and Air-Conditioning Engineers, 2017) (ASHRAE, 2007). This standard is limited 
to filter efficiency when challenged by particle size (0.3 to 10.0 μm) and then comes with a 16-
point scale for minimum efficiency reporting (MERV). The higher the MERV, the more effective 





Table 2-10: Particle counters size range boundaries 
(ASHRAE, 2007) 
Size range 
Size range Boundaries Geometric 
mean particle 
size 
Lower limit upper limit 
 (µm) (µm) (µm) 
1 0.30 0.40 0.35 
2 0.40 0.55 0.47 
3 0.55 0.70 0,62 
4 0.70 1.00 0.84 
5 1.00 1.30 1.14 
6 1.30 1.60 1.44 
7 1.60 2.20 1.88 
8 2.20 3.00 2.57 
9 3.00 4.00 3.46 
10 4.00 5.50 4.69 
11 5.50 7.00 6.20 























Table 2-11: Minimum Efficiency Reporting Value (MERV) parameters 
 (ASHRAE, 2007) 
 
Composite Average Particle Size Efficiency 




0.3 to 1.0 µm 
Range 2 
1.0 to 3.0 µm 
Range 3 
3.0 to 10.0 µm MERV 
1 -- -- E3 < 20 Aavg < 65 
2 -- -- E3 < 20 65 ≤ Aavg 
3 -- -- E3 < 20 70 ≤ Aavg 
4 -- -- E3 < 20 75 ≤ Aavg 
5 -- -- 20 ≤ E3 -- 
6 -- -- 35 ≤ E3 -- 
7 -- -- 50 ≤ E3 -- 
8 -- 20 ≤ E2 70 ≤ E3 -- 
9 -- 35 ≤ E2 75 ≤ E3 -- 
10 -- 50 ≤ E2 80 ≤ E3 -- 
11 20 ≤ E1 65 ≤ E2 85 ≤ E3 -- 
12 35 ≤ E1 80 ≤ E2 90 ≤ E3 -- 
13 50 ≤ E1 85 ≤ E2 90 ≤ E3 -- 
14 75 ≤ E1 90 ≤ E2 95 ≤ E3 -- 
15 85 ≤ E1 90 ≤ E2 95 ≤ E3 -- 
16 95 ≤ E1 95 ≤ E2 95 ≤ E3 -- 
According to ASHRAE, the test setup must have a square section with the dimension of 
610 mm × 610 mm. The test bench comprised of five main steps: (1) the air flow is selected; (2) 
the generated aerosols are injected inside the chamber, homogenized concentrations of particles 
are measured at upstream of the chamber; (3) the airflow passes through the filter; (4) downstream 
homogenized concentrations of particles are measured; and (5) finally, the airflow passes through 
a HEPA filter before being exhausted (Brochot et al., 2018). 
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2.7. Filtration of nanoparticles applied in general ventilation 
In the domain of particle filtration based on the literature there are three different techniques used 
to evaluate the filter’s performance: 
1- Conducting an experiment on a medium and concluding these results to the filter. Generally 
this technique is much more appropriate for experimental studies. Although provides only 
the filter’s “local” efficiency.  
2- Carrying out in situ measurements to evaluate the filter’s performance by considering the 
actual environment condition in which the filter is exploited. However, distinct 
environmental factors cannot be controlled by this technique. 
3- Utilizing a full-scale test bench as recommended in the standards. In this method entire 
filters is used in the ventilation system and also is much more convenient to restrained 
operating conditions. Table 2-12, presents an overview of studies that have focused on the 
efficiency of entire filters for nanoparticles (Brochot et al., 2018). 
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Table 2-12: Overview of Experimental Studies on Nanoparticle Filtration Using Entire Filters 
(Brochot et al., 2018) 
 Filters tested 
Setup(s) Test aerosols Velocity Measurements Advantages Disadvantages 























Full-scale test ring 
(section 
610 × 610 mm) 
Neutralized: 





Initial efficiency + 
loading effects 
– First paper reported 
with test procedure 
– Basis for U.S. 
standard 

























310 × 310 mm) 
Without neutralization: 




Initial efficiency + 
loading effects 
Focus on velocity 
effects during clogging 
– Small number of filters tested 



















24 types of filters(c)  
(MERV 6–16) 
Setup: 
Full-scale test ring 
(section 
610 × 610 mm) 
Without neutralization: 







developed with curves 
data 































Indoor aerosol  






Representative of real 
environment 
– Operating conditions not controlled 














(M6, F7, F8) 
13 samples 
(8 glass fibers 
and 5 uncharged 
synthetic fibers) 
5 filters(c) 










Small scale: Circular 
test section with 
315 mm diameter 
Neutralized: 
DEHS (dp: 0.014‒0.673 µm) 
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Hanley et al. (1994) is the 1st printed study to measure the size-resolving efficiency of 
nanoparticles for entire filters. The authors observed a typical filtration efficiency curve with a 
higher filtration rate for smaller particles due to diffusion. They demonstrated that, the filtration 
efficiency increased as the particle diameter was lower than 0.1 μm and the particle diameter 
increased above 1 μm. As observed for media, the MPPS range is 0.1 to 1 µm for all the filters 
tested, whatever the filter or fiber composition is used. They also showed that efficiency decreased 
as face velocity increased from 0.65 to 2.25 m/s. This result was observed in the initial state of the 
filter and after clogging. An increase in efficiency with particle deposition was also observed. This 
trend was observed for all filters except the charged filter (whose medium consisted of electret 
fibers), which demonstrated a high initial filtration efficiency due to the electrostatic charges. 
Although during clogging, the efficiency of filtration decreases due to the loss of electrostatic 
effects. These observations are identical to those relating to filtration media. 
To date, four studies have analysed size-resolved efficiency for particles smaller than 100 nm 
(Hecker & Hofacre, 2008; Karjalainen et al., 2017; Shi et al., 2013; Stephens & Siegel, 2013). All 
reported size- resolved measurements taken at the initial filtration stage only. Hecker and Hofacre 
(2008) tested a large number of filters for residential and commercial made by different companies. 
Their results correspond to the information provided by the manufacturer, although in some cases 
they were less efficient than manufacturer’s MERV. Some of their finding are showed in    
Figure 2-3. The efficiency difference can be seen from MERV 6 to MERV 16. The MPPS was 
found in the range between 0.1 and 0.3 μm, consistent with typical filtration curves. Then they 
developed an empirical equation with data from these curves to predict the performance of the 
filter in a given MERV. Shi et al. (2013) tested in situ filters (efficiencies from F9 to M5 by 
European standard) and compared penetration of 0.4 μm (diameter used in European standard), for 
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the MPPS and for particles smaller than 100 nm. Filters were tested at different filtration rates (air 
velocities from 0.08 to 0.22 m/s) and three different aerosol types. The authors demonstrated that 
an increase in airflow rates reduced filter efficiency for particles less than 100 nm. They also 
showed that the MPPS was less than 0.4 μm, resulting in both neutralized and non- neutralized 
aerosols and for all tested filtration velocities. Hanley et al. (1994) showed the same trend in size-
resolved efficiency results for entire filters and for media.  
 
Figure 2-3: Measured collection efficiencies for 9 filters (MERV 6, 7, 8, 10, 11, 12, 13, 14, 16) 
(Hecker & Hofacre, 2008) 
Stephens and Siegel (2013) focused on initial in situ filter performance for particles between 5 and 
100 nm (ambient aerosol) for mechanical and electrostatic media. They measured performance 
when the air- handling unit normally operated with 100% air recirculation. No MPPS was observed 
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for mechanical filters (for particles > 100 nm), and MPPS was found to be between 20 and 30 nm 
for electrostatic filters. The performance of electrostatically charged filters was also not 
dramatically higher than that of mechanical nanoparticle filters. In situ measurements indicate 
actual filter performance. They allow all operational parameters (temperature, pressure drop and 
filtration velocities) to be taken into account for the filter performance. The ambient particles used 
in the tests also provide real filter performance information. However, in situ measurements have 
a disadvantage in that environmental parameters cannot be controlled and their precise effect on 
filter performance cannot be identified either in their initial state or during use. It is also very 
difficult to accurately identify aerosol and can change over time. This is especially important when 
studying electrically charged filters. Environmental parameters monitoring studies are necessary 
to address this problem. For example, Alderman et al. (2008) investigated the effect of face 
velocity on HEPA filters. Their measurements highlighted the effect of velocity on the efficiency 
of two different filters, although they had very low face velocities. Only global efficiency 
measurements were reported based on particle deposition. 
Karjalainen et al. (2017) studied five commercial particle filters using a ventilation channel, with 
particles from 3 to 200 nm. Two generation systems (nucleation mode and soot mode) were mixed 
in a chamber to mimic characteristic traffic-related aerosol. Their results showed that the F7 
mechanical bag- type glass filter MPPS was more than 200 nm, while the HEPA filter MPPS was 
about 30 nm. The MPPS values were below 50 nm for electret filters. The five articles listed in 
table 2-12 provide little information about filters’ size-resolved efficiency based on particle 
parameters (charge, shape and composition), filter parameters (pleats, media) or operating 
conditions (temperature, humidity). Moreover, and more generally, size- resolved efficiency data 
are used to collect MPPS information, which is one of the main parameters of filter performance.  
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As discussed earlier, one of the techniques for the evaluation of particle filtration is to study the 
medium and extrapolate the filter results. Two studies (Chang et al., 2015; Chang et al., 2016) 
evaluated the five electret media penetration level in HVAC filters using neutralized nanoparticles 
and a medium (flat medium). Their experimental results have shown that all media have been able 
to capture nanoparticles. However, the penetration increased significantly as the velocity increased 
from 0.05 to 1 m/s, which is low in real HVAC use. They also found that penetration curves were 
bimodal at high velocity, with peaks at 10 to 30 nm and 150 to 200 nm respectively. Also, the first 
bimodal curve MPPS mode for highly charged media was higher than the second, while the reverse 
was true for low- charged media. These two studies show how important it is to know how the 
medium behaves, even if it does not provide all the keys to understanding the entire filter's behavior 
in the ventilation system. But no studies have been found to compare the performance of the entire 











Chapter 3: EXPERIMENTAL METHOD AND SYSTEM 
CALIBRATION 
3.1. Experimental design 
3.1.1. Setup configuration 
Figures 3-1a and 3-1b illustrate the experimental setups used in this study. Figure 3-1a shows the 
small setup which has a square section of 305 mm × 305 mm (12 in×12 in). A PANDA fan from 
TSI regulates the flow in the setup. The NaCl particles are generated using two six-Jet Collision 
Nebulizers (Model CN25, BGI Inc., Waltham. MA). The particles are then injected into the test 
bench. A small fan and a honeycomb are installed to homogenize velocities and particles in the 
section. The filters are installed in the test chamber and upstream and downstream measurements 
will be used to measure the penetration of the filter. Penetration is thus measured for particles 
ranging from 22.1 to 805.8 nm using the SMPS (Scanning Mobility Particle Analyzer) for 12 in×12 
in filters and at flow rates ranging from 0.25 to 1.50 m/s. At the end of the chamber, a HEPA filter 
is used to remove particles from the air. Figure 3-1b shows the big loop setup which has a square 
section of 610 mm × 610 mm (24 in×24 in). To regulate the flow a centrifugal fan was installed in 
the inlet of the loop. The air, filtered by a HEPA filter, is then directed to the NaCl particle 
generation section. The generation system consists of two collison generators: a 6-jets generator 
and a 24-jets generator (Model CN25, BGI Inc., Waltham. MA). Two sets of fans and the elbow 
of the setup allows a homogenization of the particles in the test section. The aerosols are then 
directed to the test section in which the filter to be tested will be installed. Then, a downstream 
sampling rod makes it possible to measure the concentration with or without a filter, and to give 
the penetration of the filter to be tested for particle sizes ranging from 22.1 to 805.8 nm using a 
SMPS. In this system, we are able to test 24 in×24 in filters at flow rates from 0.75 to 1.00 m/s. 
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The generation for both setups is provided under 30 psi pressure to generate 22.1-805.8 nm NaCl 
particles. The production of particles should be sufficient to measure the effectiveness of filters. 
NaCl particles were particularly motivated by their non-toxicity in their macroscopic form, non-





Figure 3-1: Schematic of a) the small setup; b) the big loop setup, used to challenge 





3.1.2. Particle generation system 
The two 6-Jet Collision Nebulizers (Model CN25, BGI Inc., Waltham. MA) are employed as an 
aerosol generator for the small full test system to provide poly-disperse NPs. Also for the big loop 
test system a 6-Jet and 24-Jet Collision Nebulizers (Model CN25, BGI Inc., Waltham. MA) are 
exploited as an aerosol generator (see figure 3-2). The particle generation systems for both setups 
were operated at an inlet pressure of 30 psi. The production of particles should be sufficient to 
measure the effectiveness of filters. The choice of NaCl particles was motivated in particular by 
its non-toxicity in its macroscopic form, its non-explosiveness and its ease of generation in Nano-
metric form.  
 
Figure 3-2: Generation system: 6-jet and 24-jet Collision Nebulizer 
3.1.3. Measurement devices  
A set of an “electrostatic classifier (EC)” (Model 3080, TSI Inc., Shoreview, MN, USA) with a 
long differential mobility analyzer (Long DMA) (Model 3081, TSI Inc.) and a “condensation 
particle counter (CPC)” (Model 3775, TSI Inc., Shoreview, MN, USA) is used to measure 
concentrations distribution for both test setups (see figure 3-3). The long DMA classified particles 
within a certain range of sizes based on their electric mobility diameter. The CPC then counted 
59 
 
classified particles. The concentration measurement technique through classification (by DMA) 
and counting (by CPC) is also referred as the Scanning Mobility Particle Size (SMPS). In each 
sample, the SMPS data for the tested size range is divided into 16 size channels. Each scan for the 
samples for both setups were longed with length of 137 seconds. After each scan, a 17-second 
retrace time was given by the device for DMA voltage adjustment.  
 
Figure 3-3: Electrostatic classifier (EC) (left) and condensation particle counter (CPC) (right) 
 
3.2. Penetration measurement 
In small setup in each test, the upstream samples are completed first, and then the sampling rod is 
switched to downstream. However, for big loop setup instead of changing sampling rod between 
upstream and downstream the tests are conducted with and without filter. For small setup each test 
contained 4 scans from upstream, 4 scans from downstream and again 2 scans for upstream, while, 
for big loop setup each test contained 4 scans without filter, 4 scans with filter and again 2 scans 
without filter.  
In the small setup, the particle penetration through the filters is determined as the ratio of the 
downstream concentration (Cdown) to upstream concentration (Cup) for the challenge aerosol, which 






) × 100          (3-1) 
Also in the big loop setup the particle penetration through the filters is determined as the ratio of 
the downstream concentration of particles with filter (Cdown−with filter) to downstream 
concentration of the particles without filter (Cdown−without filter) for the challenge aerosol, which 




) × 100         (3-2) 
Therefore, the total collection efficiency (E) in both setups is defined as: 
𝐸(%) = 100 − 𝑃           (3-3) 
3.3. Test procedure 
Figure 3-1a and 3-1b present the full schematic of the experimental setups utilized to challenge 
tested mechanical filter against NPs. The test systems were first set-up and calibrated according to 
the requirements of the ASHRAE testing standard 52.2 (2017). In the case of mechanical filters, 
one model of rated MERV 8 filter in three different depth sizes (1, 2 and 4in) was selected to 
challenge against poly-disperse NPs for both small and big loop setups. (See figure 3-4). The 
selected MERV 8 filter was sealed by gasket and placed in the test chambers.  
 
Figure 3-4: Photograph of the tested filter (MERV 8) filter 
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One model of MERV 8 filter in three different depth sizes (1, 2 and 4in) was selected to challenge 
against poly-disperse NaCl aerosols for both small and big loop setups. To obtain steady state 
concentration in the upstream of the chambers, the generation system was allowed to work for at 
least 2 minutes before the penetration measurement. For each thickness three filters were used in 
this experiment, each penetration measurement (poly-dispersed; 22.1-805.8 nm), was repeated 2 
times (N=2), for each filter and illustrated by the mean value and the standard deviation Table 3-
1 summarize the experimental measurements were conducted on both setups. 
Table 3-1: Summary of experimental measurements 
Small Setup 
Filter Velocity (m/s) Thickness (in) (Height×Width) 
MERV 8 1.00, 0.75, 0.50 &0.25 4, 2, 1 12 in×12 in 
305 mm×305 mm 
Big Loop Setup 
MERV 8 1.00 & 0.75 4, 2, 1 24 in×24 in 
610 mm×610 mm 
 
3.4. Setups characterization (Calibration) 
Some calibration and qualification tests were conducted before the penetration test to provide 
reliable operating conditions for tests and sampling procedures. These calibration tests shall 
include: 
 Measuring the velocity homogeneity at filter place, to assure the uniformity of the velocity 
in the test chamber.       
 Conducting the stabilization test during the system start-up to determine the time interval 
until the particle concentration reaches a steady condition at upstream. 
 Measuring the size distribution at different locations at upstream, to assure the dispersal 
uniformity of the challenge aerosol in the test chamber 
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3.4.1. Velocity homogeneity  
The velocity homogeneity test was performed to assure the uniformity of the velocity at the filter 
place in the test chambers. To confirm this, the coefficient of variation (CV) which is defined as 
the ratio of standard deviation to the mean of velocity uniformity was calculated at nine upstream 
sampling locations (see figures 3-5 and 3-6) under three different motor flowrate (103, 203 and 
324 L/s PANDA flowrate) for small setup and three different motor frequency (25, 35 and 45 Hz) 
for big loop setup. The measurements were inspired by the standard qualification test 
(ANSI/ASHRAE 52.2) with an air velocity meter VELOCICALC (TSI model 9535A). This device 
measures velocities in the range 0 to 30 m/s, with an accuracy of ± 3 % of reading. Each nine point 
were an average of one-minute measurement. The nine-point velocities were then measured in 
three tests. The averages of the triplicate readings at each point were then computed and the 
coefficient of variation of the nine points has been calculated. According to the standard, the 
coefficient of variation of the nine corresponding grid point air velocity values shall be less than 
10 % at each speed. The Figure 3-7 and 3-8 present a visualization of the velocity uniformity 









Figure 3-5: Sampling grid with nine-area points for measuring the uniformity of air velocity for 
small setup (ASHRAE, 2007) 
  
 
Figure 3-6: Sampling grid with nine-area points for measuring the uniformity of air velocity for 








Motor settled at 324 L/s (PANDA flowrate):  
CV = 8 % 
 
Motor settled at 203 L/s (PANDA 
flowrate):CV = 8 % 
Motor settled at 103 L/s (PANDA flowrate): 
CV = 10 % 
 
 




Motor settled at 45 Hz 
 CV = 6 % 
 
Motor settled at 35 Hz 
 CV = 6 % 
Motor settled at 25 Hz 
 CV = 9 % 
  
Figure 3-8: Mean of the velocity (m/s) uniformity tests at three configurations in the Big 
Loop setup 
 
The coefficients of variation, shown in Figures 3-7 and 3-8, are all less than 10%, as recommended 




The mean velocity of nine points was then measured in three tests in order to apply a linear 
regression at the center of the chamber (see figure 3-9). 
  
 
Figure 3-9: Velocity measurement at center of the upstream according to motor’s characteristic 
– Linear regression Left) for small setup; Right) for big loop setup 
Figure 3-9 demonstrates the linear regression of the velocity measured as a function of the engine 
characteristic for both small setup and big loop setup. According to these regressions, the big loop 
setup allows to test filters at measurement speeds ranging from 0.6 to 1 m/s. During the tests two 
measurement speeds are used: 0.75 m/s and 1.00 m/s, and the motor frequency to adjust them are 
respectively 33 Hz and 44 Hz. Also the small setup allows to test filters at measurement speeds 
ranging from 0.25 to 1.50 m/s. During the tests four measurement speeds will be used: 0.25 m/s, 
0.50 m/s, 0.75 m/s and 1.00 m/s, and the motor flow rates to adjust them are respectively 46, 92, 
139 and 186 L/s PANDA flow rate. To compare the penetration results of both setups, the 






3.4.2. Stabilization test 
A stabilization test has been carried out at four different constant velocities (0.25, 0.5, 0.75 and 1 
m/s) for small setup and two different constant velocities (0.75 and 1m/s) for big loop setup to 
specify the required time length for the particles to get a steady state concentration. The required 
stabilization times was around 2 minutes for both setups. 
3.4.3. Aerosol homogeneity  
The uniformity of the aerosol concentration across the ducts section was determined by a nine-
point at the downstream section measurement for both setups. (Same sampling grid with nine-area 
points for measuring the uniformity of air velocity). This uniformity test has been collected at three 
different motor flowrate (103, 203 and 324 L/s PANDA flowrate) for small setup and two different 
motor frequency (33 and 44 Hz) for big loop setup. Each nine point were an average of five scan 
measurements. According to the standard, the coefficient of variation of the nine corresponding 
grid point aerosol homogeneity values shall be less than 15 % at each configuration. Figures 3-10 












Motor settled at 324 L/s (PANDA flowrate)  
CV = 3 % 
 
Motor settled at 203 L/s (PANDA flowrate) 
CV = 3 % 
Motor settled at 103 L/s (PANDA flowrate) 
CV = 2 % 
  










Motor settled at 44 Hz 
 CV = 5 % 
Motor settled at 33 Hz 
 CV = 4 % 
  
Figure 3-11: Mean of the aerosol homogeneity tests at two configurations in the Big Loop setup 
The coefficients of variation, shown in Figures 3-10 and 3-11, are all less than 15%, as 
















Chapter 4: RESULTS AND DISCUSSION 
4.1. Introduction 
Based on the ASHRAE 52.2 standard the qualification measurements involving velocity and 
aerosol generation homogeneity were employed for both setups. The velocity measurements in the 
setups were made in order to know precisely the range of speeds accessible by the fan. Afterward 
the quantity, the stability and the homogeneity of the generated aerosols have been validated. 
Finally the penetration comparison between small setup and big loop setup is presented in this 
chapter. For each tested filter, the penetration measurements are compared between the small setup 
and the big loop setup. An overall description and analysis of the results are discussed in details. 
To achieve aforementioned results an experimental methodology for both small setup and big loop 
setup has been developed to test one type of mechanical filters rated (MERV 8) in three different 
depth sizes (1, 2 and 4in) to measure the initial penetration for particles smaller than 300 nm, then 
to validate the procedure the results from both setups are compared to each other. In addition, the 
effect of face velocity (0.25, 0.5, 0.75 and 1 m/s) on the initial penetration in small setup is 
investigated. Also, to verify the repeatability, each filter was tested three times at each related 
velocity. In this chapter, the outcomes of each experiment are explained and discussed in details. 
4.2. Repeatability 
 Each filter was tested two times at four velocities: 0.25, 0.5, 0.75 and 1 m/s for small setup and at 
two velocities: 1 and 0.75 m/s for big loop setup in three depth sizes (1, 2 and 4in). In small setup, 
the maximum difference in penetration for filter 1 (N=2), filter 2 (N=2) and filter 3 (N=2) has not 
exceeded 7%, 10% and 10% respectively. Also in big loop setup, the maximum difference in 
penetration for filter 1 (N=2), filter 2 (N=2) and filter 3 (N=2) has not exceeded 10%, 9% and 9% 
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respectively. In conclusion the repeatability of the filters in both small and big loop setup were not 
exceeded 10%. 
4.3. Penetration comparison between small setup and big loop setup 
The penetration curves (in terms of particle size) for both small and big loop setups at 1 and 0.75 
m/s in three different depth sizes (4, 2 and 1 in) are illustrated in Figures 4-1. 
4 in Filter 
 
2 in Filter  1 in Filter 
  
Figure 4-1: Comparison of penetration data through MERV 8 for both small setup and big loop 
setup at two constant velocities: 0.75 and 1 m/s. The error bars represent the standard deviations 
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Figures 4-1 illustrates the penetration results from both small setup and big loop setup through 
MERV 8 (1, 2 and 4in) at two constant velocities (1 and 0.75 m/s) when challenged with poly-
disperse sodium chloride aerosols. All experimental results are presented in penetration terms with 
respect to the electrical mobility diameter that is classified by the long DMA. Each data point is 
an average of three tested filter with its standard deviations. The results demonstrate a very slight 
variability with small standard deviations for all tested filters in this study. As noticed in figure 4-
1, the initial MPPS penetration takes place at a particle size higher than 100 nm at all face velocities 
for both setups in three different depth size (4, 2 and 1 in). It can also be observed that the measured 
penetration is less when the particle size falls below 100 nm; which is consistent with the literature 
(Bałazy et al., 2005; Bałazy et al., 2006; Huang et al., 2007; Martin Jr & Moyer, 2000).  
The mean initial percentage penetrations at small setup for 4 in filter are 90.5±1.5 and 88.5±1.8 at 
1 and 0.75 m/s respectively, for 2 in are 92.2±1 and 91.7±1.4 at 1 and 0.75 m/s respectively, and 
finally for 1 in filter are 90.7±0.9 and 90.8±1.3 at 1 and 0.75 m/s respectively. Similarly, at big 
loop setup the mean initial percentage penetrations for 4 in filter are 93.2±1.4 and 91±1.7 at 1 and 
0.75 m/s respectively, for 2 in filter are 94.1±1.4 and 93.6±1.2 at 1 and 0.75 m/s respectively, and 
finally for 1 in filter are 96.7±1 and 95.1±1 at 1 and 0.75 m/s respectively. 
The results from mean initial percentage penetrations for both setups in three different depth size 
(1, 2 and 4 in) demonstrate that aerosol penetration through the tested filters increases with 
increasing face velocity, and decreases as filter thickness increase. Face velocity plays a significant 
role in the penetration of aerosols through filter media. According to the literature the effect of 
face velocity on aerosol penetration is usually most important for aerosol particles < 1 μm. For 
mechanical filters, aerosol penetration increases with increasing face velocity due to the fact that 
the dominant filtration mechanisms are diffusion in this size range (Huang et al., 2013). Also 
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according to equation (2-1) aerosol penetration decreases with increased filter thickness. However, 
this conclusion is only valid for mechanical filters. 
Figure 4-2 shows the complete procedure to compare the penetration results between both small 
setup and big loop setup. In order to compare the penetration results between both setups following 
steps are considered: 1) the small setup and big loop setup are designed, build and qualified; 2) the 
mean of the three tested filters in each three different depth size (4, 2 and 1 in) at 1 and 0.75 m/s 
are calculated for both setups; 3) finally the comparison between penetration results for both setups 
are made. 
 
Figure 4-2: Complete procedure to compare the penetration data through MERV 8 for both 
small setup and big loop setup 
 
Figure 4-3 illustrates the comparison of penetration results between both setups, The data 
presented in figure 4-3 show that the range of 22.1-294.3 nm gives a fairy good correlation 
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(R2=0.898) between the two setups and for the penetration range of 0.7-1.0 at 1 and 0.75 m/s. One 
can observe that, for this kind of filter, the big loop setup penetration measurements are slightly 
overestimated comparing to those obtained by the small setup in all three filter depth sizes (4, 2 
and 1 in) at 0.75 and 1 m/s. This shift may be due to the differences in setups, in filters or in the 
procedure. However, the effect of lost in both setups is negligible and the filtration rate for the 
filters used in both setups is equivalent to each other.  
 
Figure 4-3: Comparison of penetration data through MERV 8 for both small setup and big loop 
 
4.4. Effect of velocity in small setup 
The MERV 8 (1, 2 and 4 in) filters were challenged with poly-disperse NaCl aerosols at four 
constant velocities: 0.25, 0.5, 0.75 and 1 m/s. Each penetration measurement (poly-dispersed; 22.1-
75 
 
294.3 nm), for the four velocities was repeated 2 times (N=2), for each three filter and illustrated 
by the mean value and the standard deviation. 
4 in Filter 
 
2 in Filter  1 in Filter 
  
Figure 4-4: Effect of particle size and face velocity on initial particle penetration through MERV 
8, in small setup. The error bars represent the standard deviations 
Figures 4-4 shows the initial particle penetration values through MERV 8 at four constant 
velocities in three different depth size (1, 2 and 4 in) when challenged with poly-disperse sodium 
chloride aerosols. The results demonstrate a very high consistency with small standard deviations 
for all tested filter. It is clear that the measured penetration is less when the particle size falls below 
100 nm. Consistent with previous studies, the initial particle penetration is significantly improved 
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as the face velocity increased. (Bałazy et al., 2005; Bałazy et al., 2006; Eninger et al., 2008; Huang 
et al., 2007). In addition, the initial MPPS penetration takes place at a particle size higher than 100 
nm at all face velocities. It can also be observed that according to equation (2-1) aerosol penetration 
decreases with increased filter thickness, especially for 4 in filter. However, this conclusion is only 





































Chapter 5: CONCLUSIONS AND FUTURE WORK 
5.1. Conclusions 
The main goal of this study was to develop a methodology to evaluate the effectiveness of 
mechanical filters used in general ventilation systems against poly-disperse aerosols smaller than 
300 nm. This methodology is then used to 1) compare the penetration results from both setups in 
order to validate the methodology to measure the effectiveness of these filters against NPs, 2) 
investigate the effect of face velocity, filter’s thickness and particle size on the initial particle 
penetration through the one model of mechanical filter MERV 8 in three different depth size (1, 2 
and 4in) in both small and big loop setup.  
Challenging one type of mechanical filters (MERV 8) with poly-disperse aerosols in both small 
setup and big loop setup. The conclusions of this study are given as follow:  
 By comparing the results from both setups it can be concluded that the range of 22.1-294.3 
nm gives a fairy good correlation (R2=0.898) between the two setups and for the 
penetration range of 0.7-1.0 at 1 and 0.75 m/s. 
 The results from comparison between two setups is a firm validation for evaluating the 
effectiveness of mechanical filters against particles smaller than 300 nm. 
 The initial particle penetration was improved with an increase in face velocity. 
 The initial MPPS penetration takes place at a particle size higher than 100 nm at all face 
velocities for both setups in three different depth size (4, 2 and 1 in). 
 The measured penetration is less when the particle size decreases below 100 nm. 
 Aerosol penetration decreases with increased filter thickness. Even though the penetration 
curves shape should remain the same.  
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5.2. Recommendations and Future Work 
The Recommendations for future research on filtration performance evaluations against NPs are 
as follows: 
 The developed methodology has the capability to evaluate the filtration efficiency of series 
of mechanical filters (MERV 8 to HEPA) and electret filters. 
 The developed methodology has the capability to measure the pressure drop of mechanical 
filters. 
 In addition, further tests must be investigated with other filters in order to achieve better 
correlation between both setups. 
 The effect of other parameters such as particle loading, relative humidity and particle 
charge state, which have an influenced on the filtration efficiency of particles smaller than 
300 nm, is still need to be investigated. 
 The findings of this study, is limited to the proposed experimental setups. However, further 
theoretical and modeling studies are highly required, to validate the experimental data, and 
to investigate the impact of all influencing parameters.  
In conclusion, better understanding of filter media filtration characteristics, particularly in the 
range of nanoparticles, will help to promote the incorporation of technological developments to 
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